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Phosphate depletion diminishes Mg2 uptake in mouse distal
convoluted tubule cells
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Phosphate depletion diminishes Mg2 transport in distal convoluted
tubule cells. Hypophosphatemia caused by phosphate depletion is associ-
ated with renal magnesium wasting. The cellular mechanisms of phos-
phate depletion were investigated in an immortalized mouse distal con-
voluted tubule (MDCT) cell line. Intracellular free Mg2 concentration,
[Mg2 I, was determined by microfluorescence. Mg2 transport was
assessed as a function of change in [Mg2] with time following placement
of Mg2tdepleted cells into a buffer containing 1.5 m magnesium. The
uptake rate of Mg2 into Mg2tdepleted cells cultured in normal phos-
phate, 1.0 mi, was 175 21 nM/second. Depletion of phosphate in the
culture media was associated with a significant decrease in Mg2 uptake,
which was dependent on the degree of phosphate depletion and on the
time cultured in phosphate-deficient media. Cells cultured for 16 hours in
0.3 mrvi and 0 m phosphate possessed Mg2 uptake rates of 105 18
nM/second and 15 12 nM/second, respectively. Diminished Mg2 uptake
was rapidly induced following placement in low phosphate and was fully
reversed following readdition of phosphate to the culture media. The
effects of phosphate depletion on Mg2 uptake was post-translational in
nature as fully up-regulated MDCT cells with maximal Mg2 uptake was
associated with a rapid decrease (within 30 mm) in Mg2 transport when
placed in phosphate-deficient media. Although Mg2 uptake is altered by
the transmembrane voltage, diminished Mg2 uptake associated with
phosphate depletion was not dependent on changes in membrane voltage.
Further, it was not associated with a sustained increase in intracellular
Ca2 concentration. Chlorothiazide, probably through hyperpolarization
of the plasma membrane, stimulates Mg2 uptake in normal, 283 23
nM/second, and phosphate-depleted cells, 203 29 nM/second, but failed
to entirely correct the defective transport. These studies demonstrate that
magnesium wasting associated with hypophosphatemia and phosphate
depletion is due, in part, to diminished Mg2 transport in the distal
convoluted tubule. The evidence is that the actions of phosphate deli-
ciency are through alterations of Mg2 transport across the luminal
membrane of the distal convoluted tubule cell.
Hypophosphatemia is an exceptionally common laboratory
finding in hospitalized patients [11. Hypophosphatemia is often
associated with intracellular phosphate depletion which has im-
portant consequences on renal function. One of the hallmarks of
phosphate depiction is the striking increase in urinary calcium and
magnesium excretion [2]. The increase in divalent ion excretion is
very rapid in both human and experimental animals, occurring
within hours following initiation of dietary phosphate-restriction
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[3—7]. Three mechanisms have been proposed to account for the
increased divalent cation excretion: (1) mobilization of calcium
and magnesium from bone [6]; (2) suppression of parathyroid
hormone secretion [4, 81, and (3) aberrant tubular transport [5,
9—11]. It is clear that the urinary excretion of magnesium is
inappropriate for the plasma concentration, supporting the notion
that phosphate depletion is associated with defective tubular
transport. The cellular mechanisms of altered magnesium absorp-
tion in phosphate depletion are not clear. The early micropunc-
ture reports suggested diminished calcium transport in the distal
tubule with phosphate depletion [12—14]. By analogy, it is likely
that distal malabsorption may also lead to renal magnesium
wasting, although no micropuncture studies have been performed
to date to test this idea. However, it is apparent that phosphate
depletion is associated with diminished magnesium transport and
increased renal magnesium excretion, which may be sufficiently
large to lead to overt hypomagnesemia [4, 5].
Magnesium is handled very differently along the segments
forming the nephron. The proximal tubule reabsorbs only 5 to
15% of the filtered magnesium [15]. The major segment involved
in reabsorption of filtered magnesium is the thick ascending limb
of the loop of Henle [15], In this segment the majority of
reabsorption appears to be passive and dependent on the trans-
epithelial electrical potential. Finally, the distal convoluted tu-
bule, reabsorbs a significant fraction of filtered magnesium, in the
order of 5 to 10% [15]. As there is little magnesium reabsorption
in the collecting ducts, the distal convoluted tubule is responsible
for determining the final urinary magnesium excretion. Magne-
sium reabsorption in the distal convoluted tubule likely involves
active transport across the epithelial cell. Cellular phosphate
depletion may affect active magnesium absorption in the distal
convoluted tubule leading to increased urinary magnesium excre-
tion. This study characterizes the cellular effects of phosphate-
deficiency on Mg2 uptake in an immortalized mouse distal
convoluted tubule (MDCT) cell line [16, 17].
Methods
Materials
Basal Dulbecco's minimal essential medium (DMEM) and
Ham's F-12 media were purchased from GIBCO. Customized
magnesium-free and phosphate-free media were purchased from
Stem Cell Technologies Inc. (Vancouver, BC, Canada). Normal
media contained 0.6 m magnesium and 1.0 mrvi phosphate. Fetal
calf serum was from Flow Laboratories (McLean, VA, USA).
1710
Dai et al: Phosphate depletion and Mg2 uptake in DCT 1711
Mag-fura-2/AM, fura-2/AM, and DiOC6 [31/AM were obtained
from Molecular Probes (Eugene, OR, USA). 14C-D-glucose was
from New England Biolabs. (Mississauga, ON, Canada). All other
materials were from Sigma Chemical Co. (St. Louis, MO, USA).
Cell culture
The established distal convoluted tubule cell line (MDCT) used
in these studies were originally isolated from mice, immortalized,
and characterized as previously described [16, 17]. The MDCT
cell line was cultured in DMEM/Ham's F-12, 1:1, media supple-
mented with 10% fetal calf serum, I msi glucose, 5 mrvt L-
glutamine, 50 U/mI penicillin, and 50 jg/ml streptomycin in a
humidified environment of 5% C02-95% air at 37°C. For the
fluorescent studies, confluent cells were washed three times with
phosphate-buffered saline (PBS) containing 5 mrvt ethylene glycol-
bis(/3-aminoenylyl ether)N,N,N ,N -tetraacetic acid (EGTA),
trypsinized, and seeded on glass cover slips. Aliquots of harvested
cells were allowed to settle onto sterile glass cover slips in 100-mm
Corning tissue culture dishes, and the cells were grown to
subconfluence over I to 2 days in supplemented media as de-
scribed above. In the experiments indicated, the cells were
cultured in Mg2-free media (< 0.01 mM) or Mg2-free, low
phosphate-media containing variable concentrations of phosphate
at the concentrations indicated for 8 to 16 hours prior to study.
Other constituents of the Mg2' -free and Mg-free, low phosphate-
media were the same as the complete media.
Cytoplasmic Mg2 and Ca2 measurements
Cover slips were mounted into a perfusion chamber and the
attached cells were incubated with 5 JM mag-fura-2/AM for
determination of intracellular Mg2 concentration ([Mg2]1) or
10 jM fura-2/AM for intracellular Ca2 concentration ([Ca2I1) in
media for 20 minutes at 37°C. Cells were subsequently washed
three times with buffered salt solution containing (in mM): 145
NaCl, 5.0 KC1, 1.0 CaCl2, 5 glucose, and 20 N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES)/Tris (hydroxy-
methyl) aminomethane (Tris), at pH 7.4. The total phosphate
concentration (HPO42/H2PO4) of the buffer solution was equal
to the culture media concentrations. The MDCT cells were
incubated for a further 20 minutes to allow for complete deester-
fication and washed once before measurement of fluorescence.
Epifluorescence microscopy was used to monitor changes in the
mag-fura-2 or fura-2 fluorescence of single MDCT cells. The
chamber was mounted on an inverted Nikon Diaphot-TMD
microscope, with a Fluor xlOO objective, and fluorescence was
monitored under oil immersion within a single cell over the course
of study. Fluorescence was recorded at 1/second intervals using a
dual-excitation wavelength spectrofluorometer (Delta-scan; Pho-
ton Technologies, Princeton, NJ, USA) with excitation for mag-
fura-2 at 335 and 385 nm, for fura-2 at 340 and 380 nm (chopper
speed set at 100 Hz/second), and emission at 505 nm. All
experiments were performed at 37°C. Media changes were made
without an interruption in recording.
The free [Mg2} and intracellular Ca2 concentrations
([Ca2]1) were calculated from the ratio of the fluorescence at the
two excitation wavelengths as described using a dissociation
constant ('id) of 1.4 m and 224 nM, respectively, for the
niag-fura-2 Mg2 and fura-2 Ca complexes [181. The mini-
mum (R,,,1) and maximum (Rmax) ratios were determined for the
cells at the end of each experiment using 20 j.tM digitonin. R,,,ax for
mag-fura-2 was measured by the addition of 50 mrvi MgCl2 in the
absence of Ca2, and R1 was obtained by removal of Mg2 and
addition of 100 mvi EDTA, pH 7.2. The excitation spectrum of the
cellular mag-fura-2 under these conditions was similar to that of
free mag-fura-2 in the same solutions. and for fura-2
were obtained with Ca2' and EGTA by previously published
techniques [18, 19].
Determination of Mg2 uptake into MDCT cells
Electrolyte transport is usually quantitated by isotopic flux
measurements. Because an appropriate isotope for Mg2 is not
available (28Mg has a half-life of 21 hr), we developed a cell model
to assess Mg2 transport using fluorescent determinations of
intracellular free Mg2 concentration, [Mg2]1 [16—181. The
epithelial cells were first depleted of Mg2 by incubating in
magnesium-free culture media. Subsequently, the cells were
placed in solutions containing magnesium and [Mg2] measured
as a function of time. This rate of concentration change,
d([Mg2]1)/dt, is an estimate of transport rate. Moreover, Mg2
uptake, as determined by the d([Mg2]1)/dt measurements, is
specific for Mg2, inhibited by a number of blockers, and altered
by the transmembrane voltage [18—201. Accordingly, this model is
a useful approach and at present the only method to determine
influences that may alter Mg2 transport in isolated epithelial
cells [181. This refill method was used to assess the cellular affects
of depletion of media phosphate on Mg2 transport.
D-glucose uptake measurements
MDCT cells were cultured for 16 hours in magnesium-free
normal phosphate-media or magnesium-free and low phosphate
(0.3 mM) media. Glucose uptake was determined with '4C-D-
glucose from buffer solutions containing (in mM): 137 NaCI, 4.0
KCI, 0.8 K2HPO4, 0.2 KH2PO4, 1.0 MgC12, 1.0 CaCl2, 15 HEPES-
Tris, pH 7.4, and 0.1 D-glucose. D-glucose was determined in the
presence and absence of 0.1 mvt phlorizin. Incubations were
terminated by rapid aspiration of the transport solution and
addition of ice-cold stop solution containing the above composi-
tion except lacking 14C-glucose. The cells were solubilized in 0.5%
Triton X-100 for one hour and '4C-glucose measured by liquid
scintillation on 150 d of extract solution. D-glucose uptake was
normalized according to total protein content.
Transinembrane voltage measurements
Transmembrane voltage was measured with the use of the
voltage-sensitive dye, 3,3'-dihexyloxacarbocyanine iodide, DiOC6
[3]. The intracellular dye was excited at 490 nm and the emission
was measured at 510 nm. The voltage-sensitive dye was calibrated
by altering the transmembrane K gradient with sequential
additions of small volumes of 1 M KCI in the presence of 5 LM
valinomycin and the transmembrane voltage was calculated from
the fluorescent changes and the K distribution across the
membrane.
Statistical analysis
Representative tracings of fluorescent intensities are given.
Significance was determined by Tukey's analysis of variance or
Student's t-test where appropriate. A probability of P < 0.05 was
taken to be statistically significant. All results are means SE
where indicated.
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Fig. 1. Measurement of Mg uptake into single subconfluent MDCT cells.
Free magnesium concentration, [Mg2], was determined with mag-fura-2.
Fig. 2. Phosphate depletion diminishes Mg2 influx into Mg-depleted
MDCT cells. The cells were cultured for 16 hours in magnesium-free
Cells were cultured in normal media (magnesium concentration, 0.6 mM) media with 1.0 mvt, 0.3 m or 0 m phosphate as indicated. The refill
or low Mg media (magnesium concentration <0.01 mM) for 16 hours. The
basal [Mg2]4 was determined and the cells were subsequently placed in
solutions contained (in mM): 145 NaCI, 5.0 KCI, 1.0 CaCI2, 5.0 glucose, 10
HEPES/Tris, pH 7.4, and 1.0 mM, 0.3 mM, 0 mM phosphate, respectively.
buffer solution containing MgCI2 concentration (1.5 mM) where indicated. The same respective buffer solutions containing 1.5 mtvi MgC12 was added
The buffer solutions contained (in mM): 145 NaCl, 4.0 KCI, 0.8 K2HPO4, where indicated. Tracings are representative of 3 to 7 cells.
0.2 KH2PO4, 1.0 CaCI2, 5.0 glucose, and 10 HEPES/Tris, pH 7.4, with and
without 1.5 mat MgCl2. Fluorescence was measured at 1 data point/second
with 25 signal-point averaging and smoothed according to methods
previously reported [18]. Fluorescence tracing is representative of 9 cells. Culturing MDCT cells in low phosphate diminishes Mg2 uptake
The mean [Mg2J was 0.52 0.03 mM, N = 5, in cells cultured
in normal magnesium, 0.6 mat, and zero phosphate for 16 hours.
Results This value is the same as cells cultured in normal magnesium, 0.6
Mg2 uptake by MDCT cells
m, and normal phosphate, 1.0 mM, so that phosphate depletion
does not affect basal Mg2 levels. Subconfluent MDCT cells were
In order to determine Mg2 uptake rate, subconfluent MDCT cultured in media containing normal, 1.0 mat, or low, 0.3 m, or
monolayers were cultured in magnesium-free medium for 16 zero total phosphate and zero magnesium for 16 hours prior to
hours. These cells possessed a significantly lower [Mg2], 0.22 determination of Mg2 uptake by fluorescence. Mg2 uptake was
0.01 m, than that observed in normal MDCT cells, 0.53 0.02 determined according to techniques given in legend to Figure 1.
mat, N = 8 (Fig. 1). When the Mg2-depleted MDCT cells were Mg2 uptake was markedly inhibited in phosphate-depleted cells
placed in a bathing solution containing 1.5 mat MgC12, the (Fig. 2). The mean rate of change in [Mg2] for the initial 500
intracellular [Mg2] concentration increased with time and 1ev- seconds, d([Mg2]1)!dt, was markedly diminished, 15 12 nM/
dIed at a [Mg2 ], 0.52 0.06 mat, N =9 which was similar to that second, N = 6, in cells cultured in zero phosphate for 16 hours
observed for normal cells [20, 21]. The rate of refill, d([Mg2])/dt, compared to the control value of 175 21 nM/second, N = 9.
measured as the change in [Mg2]1 with time, was 175 21 Cells cultured in 0.3 m phosphate showed an intermediate
nM/second, N = 9, as determined over the first 500 s following uptake rate, 105 18 nM/second, N = 3. The rate of Mg2
addition of magnesium. We have previously reported evidence uptake, in control nonphosphate-depleted cells, 180 18 flM/
that indicates the Mg2 uptake pathway is selective for Mg2, second, N = 3, was not altered when the uptake was determined
which is not shared by other divalent cations [18—21]. In this in phosphate-free buffer solution. Accordingly, Mg2 uptake is
published study, basal [Ca2]1 in Mg2-depleted cells was the not associated with phosphate in the uptake buffer solution but
same as that found in normal cells and [Ca2] did not change in rather the cells must be phosphate-depleted before an alteration
Mg2 -depleted cells during the refill process, suggesting that the in Mg2 transport is observed.
Mg2 entry pathway is not shared by calcium [201. This was MDCT cells cultured in low phosphate possessed the same
confirmed by determining isotopic 45Ca2 uptake into Mg2- morphological appearance as control cells that demonstrated
depleted MDCT cells to directly measure Ca2 transport [20]. It normal Mg2 uptake rates. Glucose uptake measured with '4C-
was also shown that 10 mat CaCI., in the bathing solution failed to D-glucosc was similar in cells cultured in control or phosphate-
inhibit Mg2 uptake into the MDCT cells. Using microfluores- deficient media (Table 1). Total and phlorizin-sensitive glucose
cence, it was also shown that Mn2 (38 42 nM/second, N = 5) entry was also not changed with phosphate depletion [22]. These
and La3 1 (50 44 nat/second, N = 3) but not Cd2 (182 51 studies indicate that solute transport is not affected and suggests
nM/second, N = 5) inhibited Mg2 uptake [20]. Finally, the that the effects of phosphate depletion are selective to divalent
dihydropyridine channel blocker, nifedipine, inhibited Mg2 up- cation transport.
take (41 48 nM/second, N = 5), suggesting that this pathway The diminished uptake in Mg2 was dependent on the level of
may be related to L-type Ca2 channels. However, it is evident phosphate in the culture media (Fig. 3). Cells cultured in media
that this transport pathway has a high selectivity for Mg2 over containing between 0.1 and 0.5 m phosphate possessed
calcium. d([Mg2 ]1)/dt values that were intermediate to those observed
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Mg-depleted
nmole/min mg protein
Mg-depleted, Low Phosphate
nmole/min mg protein
Control 1.3 0.04 1.28 0.06
(n) (6) (6)
Phloridzin 0.59 0.01* 0.62 0.01*
(n) (6) (6)
Fig. 3. The rate of Mg uptake into MDCT cells is associated with the level
of phosphate depletion. Cell preparation and fluorescence determinations
were performed according to techniques given in legend to Figure 2. The
cultured media contained the phosphate concentrations as indicated and
incubated for 16 hours. The refill buffer solution was that given in legend
to Figure 1 except that the total phosphate content was the same as the
respective culture media indicated. The Mg2 refill rate was calculated as
a change in Mg2 concentration with time, d([Mg2f1)/dt, by linear
regression analysis over the first 500 seconds of fluorescent measurement.
Values are means SE for 3 to 9 cells.
with either zero or 1.0 m phosphate. The initial [Mg2]1 was
similar, 0.22 0.01 m, in all cells studied and the final [Mg2J1,
0.54 0.03 m, following refill was the same; only the refill rate
was changed in these cells. The association of Mg2 uptake on the
phosphate concentration in the culture media was relatively sharp
in the range from 0 to 0.5 mivi, suggesting that the inhibition of
transport is dependent on the degree of intracellular phosphate
depletion.
We next evaluated the chronology of the cellular changes in
phosphate depletion leading to diminished Mg2 uptake. MDCT
cells were cultured for variable time periods in media with and
without 0.3 mrvi phosphate. Mg2 uptake was assessed according
to methods given in the legend to Figure 2 at the time periods
indicated. The response of normal MDCT cells when placed in
magnesium-free media is to increase the rate of Mg2 uptake with
time of culture (Fig. 4). The Mg2 uptake rate is maximally
up-regulated by about eight hours. We have provided evidence
that this relatively long period is required for de novo protein
synthesis to occur prior to demonstration of increased transport
[19]. The half-maximal response for initiation of Mg2 uptake was
Fig. 4. Phosphate depletion rapidly diminishes the adaptational changes in
Mg2 uptake in response to low magnesium media. MDCT cells were
cultured in media containing either 1.0 mvi (normal, U) or 0.3 mtvi (low
phosphate, •) total phosphate and zero magnesium for the time periods
indicated. Mg2 uptake was assessed with solutions containing 1.5 mM
MgCI2 and the respective phosphate concentration according to metholds
given in legend to Figure 2. Values are means SE for 3 to 9 cells.
in the order of three hours. This observation is consonant with
that observed in porcine cortical thick ascending limb cells [19].
To test the effect of culturing in phosphate-deficient media on this
adaption, MDCT cells were cultured in low phosphate, 0.3 mM,
and magnesium-free media for the indicated times. Phosphate-
deficiency had a rapid effect on Mg2 transport in MDCT cells
(Fig. 4). The Mg2 uptake rate, d([Mg2J)/dt, was significantly
diminished at all time periods from 4 to 48 hours following culture
in phosphate-deficient media with respect to cells cultured in 1.0
m phosphate. Thus, phosphate depletion rapidly leads to inhi-
bition of the adaptative response of Mg2 uptake to magnesium
restriction. However, it is of interest that the time frame for the
adaptative response is similar in normal and phosphate-depleted
cells which supports the idea that the cells respond to magnesium
restriction but the transport rate is defective.
Infusion of phosphate solutions to hypophosphatemic animals
rapidly corrects the associated hypermagnesiuria [10, 131. In order
to determine the time-frame of recovery from phosphate deple-
tion, we added phosphate (1.0 mM) to the incubation media at
variable times prior to determination of Mg2 uptake in MDCT
cells phosphate-depleted for 16 hours. Figure 5 illustrates the time
course of d([Mg2])/dt following readdition of phosphate to the
incubation media. A noticeable improvement in Mg2 uptake was
observed at two hours following return of phosphate to the culture
media and by six hours Mg2 transport, 174 42 nM/second, N =
3, had returned to control levels. Accordingly, the effects of
phosphate depletion on Mg2 transport are reversible which are
consonant with observations in intact animals.
Phosphate-deficiency affects Mg2 uptake through post-
translational processes
The increase in d([Mg2]1)/dt with magnesium deficiency is
dependent on transcriptional and translational processes [19]. The
notion is that the enhanced Mg2 transport in response to
Table 1. Effect of cellular phosphate depletion on D-glucose uptake in
magnesium-depleted MDCT cells.
1)
+
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Fig. 5. Reversal of diminished Mg2 uptake in phosphate depleted MDCT
cells. Mg2tdepleted MDCT cells were phosphate depleted for 16 hours
prior to readdition of phosphate (1.0 mM) to the incubation media. The
rate of Mg2 uptake, d([Mg2]1)/dt, was determined according to methods
given in legend to Figure 2 following readdition of phosphate at the
indicated times. Values are means SE, N = 3 to 9 cells. Significance,
P < 0.05, compared to cells phosphate depleted for 16 hours.
magnesium restriction is due to recruitment of transporters into
the plasma membrane, in part, due to synthesis of new protein.
We tested the hypothesis that phosphate depletion may alter
magnesium transport through changes in adaptational regulation
of Mg2 uptake. MDCT cells were cultured in zero magnesium
media for 16 hours to fully up-regulate Mg2 transport. The cells
were subsequently placed in zero phosphate and zero magnesium
media for variable periods of time prior to determination of Mg2
uptake with fluorescence measurements. Figure 6 illustrates the
results of these studies. The measurement of Mg2 uptake in
Mg2-depleted cells with buffer solutions containing 1.5 mM
MgCl2 and zero phosphate was 180 18 nM/second, N 3. The
mean transport rate, d([Mg2]1)/dt, rapidly decreased with incu-
bation in zero phosphate-media. The mean d([Mg2j)/dt fell
from 180 18 to 100 12 nM/second, N = 3, P < 0.05, within 30
minutes. Phosphate depletion of 60 minutes duration completely
inhibited Mg2 uptake, —3 3 nM/second, N = 3. We have
previously shown that maximal stimulation of Mg2 uptake rate
occurred about eight hours following placement in magnesium-
free media (Fig. 4). MDCT cells cultured in zero magnesium for
16 hours and then zero phosphate and zero magnesium media for
the periods indicated in Figure 6 showed a more rapid decrease in
d([Mg2]1)/dt. Prior magnesium deficiency may augment the
cellular effects of phosphate depletion. The reasons for this
observation are not known at the present time. Nevertheless, it is
clear that phosphate depletion significantly inhibits Mg2 uptake
in preadapted cells, suggesting that the effects of phosphate
depletion are post-translational in nature, acting on preformed
transporters or channels.
Diminished Mg2 uptake with phosphate-deficiency is not
dependent on membrane voltage
Mg2 uptake into Mg2-depleted MDCT cells is sensitive to
the transmembrane voltage [20, 21]. Depolarization of the plasma
Fig. 6. Phosphate depletion inhibits Mg2 uptake in MDCTcellspreadapted
to magnesium deficient media. MDCT cells were cultured in zero magne-
sium, normal phosphate media for 16 hours to fully up-regulate Mg2
transport and then for the further time periods as shown in media
containing zero phosphate and zero magnesium concentration. Mg2
uptake was assessed according to the methods given in Figure 2. The
buffer solution used to measure Mg2 uptake was (in mM): 14.5 NaCI, 5.0
KCI, 1.0 CaCl2, 5.0 glucose, 10 HEPES/Tris, pH 7.4, and 1.5 MgCI2.
Values are mean SE. N = 3 to 9. *significance, P < 0.05, compared to
control Mg2-depleted cells that were not phosphate depleted.
membrane, for example with the elevation of external K results
in diminished Mg2 uptake. Hyperpolarization, either with the
use of the membrane permeable anion, SCN, or with the
application of the potassium, ionophore, valinomycin, results in
an increase in d([Mg2 j)/dt [21]. Accordingly, changes in trans-
membrane voltage would be expected to alter Mg2 uptake rate in
MDCT cells. As phosphate depletion has been associated with
depolarization of skeletal muscle membrane voltage [231, we
speculated that phosphate depletion may lead to diminished
Mg2 transport through changes in the membrane voltage. The
membrane voltage, as determined with the fluorescent voltage
indicator, DiOC6 [3], was not different in cells depleted of
phosphate for 16 hours compared to normal cells, —65.2 2.0
mV, N = 6. Next, we determined the membrane voltage in cells
Mg2 depleted for 16 hours and subsequently cultured in low
phosphate-media according to the techniques given in the legend
to Figure 6. The mean voltage was not changed, —62.3 3.1, N =
8, following phosphate depletion. Accordingly, changes in the
membrane voltage are not the basis for diminished Mg2 uptake
in cells cultured in low phosphate.
Next, we determined whether hyperpolarization may enhance
Mg2 uptake in cells cultured in low phosphate. The membrane
permanent anion, SCN, was used to hyperpolarize the plasma
membrane of MDCT cells cultured in normal, 1.0, or zero
phosphate-media [21]. Substitution of 78 ms NaSCN for NaCI in
the buffer stimulated Mg24 uptake to a similar extent in normal,
increase of 69 10%, and phosphate-depleted cells, increase of
55 7%, although the starting transport rate was significantly
lower in the phosphate-depleted cells (Fig. 7). Accordingly, at
high transmembrane voltages, Mg2 is similarly affected in both
normal and phosphate-depleted MDCT cells. These studies show
**
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Fig. 7. Stimulation of Mg uptake in Mg2tdepleted and phosphate de-
pleted MDCT cells by hyperpolarization. MDCT cells were either Mg2-
depleted by culturing in media containing no magnesium or Mg2 and
phosphate depleted by culturing in media containing zero magnesium and
zero phosphate for 16 hours. The rate of Mg2 uptake, d(Mg2]1)/dt, was
determined in the presence of 1.5 msi MgCl2 and 78 mat NaSCN was
isosmotically substituted for NaCl in the refill solution where indicated in
order to hyperpolarize the plasma membrane. Values are means SE,N = 3 to 10 cells. ')Significance (P < 0.05) compared to control
nonhyperpolarized cells.
that phosphate-deficiency affects Mg2 transport at normal mem-
brane voltages but not at high voltages. Our interpretation of this
data are that phosphate depletion alters Mg2 transport by
mechanisms that are independent of membrane voltage, at least at
normal transmembrane voltages. The results of these studies also
support the premise that the actions of phosphate depletion are
post-translational, that is, on functional membrane transporters.
We have recently shown that chiorothiazide stimulates Mg2
uptake in MDCT cells through hyperpolarization of the plasma
membrane [21]. Addition of i0— M chiorothiazide maximally
increased Mg2 uptake by 58 11%. If phosphate-deficiency acts
through mechanisms that are independent of voltage then chlo-
rothiazide should also stimulate Mg2 uptake in phosphate-
depleted cells. Studies were performed to test this postulate (Fig.
8). Chlorothiazide, 10' M, failed to alter Mg2 uptake in MDCT
cells cultured in zero phosphate for 16 hours, but it stimulated
uptake by 52 8% when the cells were cultured in 0.3 mM
phosphate. Note that chiorothiazide was not able to fully return
Mg2 uptake to control values (Fig. 8). Thus, the response of
chiorothiazide, presumably through hyperpolarization, was asso-
ciated with the degree of phosphate-deficiency (Fig. 8).
Phosphate-deficiency is not associated with sustained elevation in
[Ca2]
Massry and colleagues have shown in a number of nonepithelial
cell types that phosphate depletion is associated with a sustained
rise in cytosolic calcium concentration, [Ca2I [24]. An elevation
in [Ca2J may have a number of intracellular actions including
inhibition of Mg2 transport. Using the fluorescent dye, fura-2, we
determined [Ca2 ] in phosphate-depleted MDCT cells. The
mean [Ca2] in normal and Mg2 depleted MDCT cells were
80 3 nM, N = 3, and 83 4 ni, N = 3, respectively. The mean
0
Fig. 8. Chlorothiazide stimulates Mg2 uptake in phosphate depleted
MDCT cells. Cells were cultured in 1.0, 0.3 mat, or zero phosphate and the
Mg2 uptake rate, d([Mg2])/dt, was determined with the addition of 1.5
mM MgCl2 according to the methods given in legend to Figure 2.
Chlorothiazide, iO- M, was added with the refill solution where indicated.
Control values in normal Mg2-depleted cells were from 20]. Uptake
rates are means SE, N = 3 to 5. *Significance (P < 0.05) compared to
control values.
[Ca2]1 was not changed in normal cells following 16 hours in low
phosphate, 83 2 nM, N = 3, and was not altered in cells cultured
in zero phosphate, zero magnesium for 16 hours, 88 4 nM, N =
3. These results indicate that a sustained increase in [Ca2I is not
the basis for diminished Mg2 uptake in MDCT cells cultured in
low phosphate. However, we did notice in these studies that
[Ca2] rapidly rose within 20 to 30 seconds in both normal 153
24 ntvi, N = 3, and phosphate-depleted cells, 129 12, N = 3,
when placed in phosphate-free buffer solutions. This elevation was
not sustained as [Ca2] rapidly returned to control levels within
about five minutes. Although we do not know the basis for this
transient increase in [Ca2]1, it is not likely to be related to
diminished Mg2 uptake as [Mg2]1 is inhibited beyond five
minutes when [Ca2]1 has returned to normal levels (Fig. 2).
Discussion
Hypophosphatemia and phosphate depletion, of any etiology, is
associated with an increase in urinary divalent cation excretion [21.
Glycosuria, bicarbonaturia, amino aciduria, uricosuria, and dimin-
ished proximal tubular sodium reabsorption is also observed in
phosphate depletion [1, 2, 24]. Calcium and magnesium reabsorp-
tion in the proximal tubule may also he compromised. However,
the initial micropuncture studies of Goldfarb and colleagues
showed that there was diminished calcium reabsorption beyond
the proximal tubule [12]. Lau et al reported that calcium reab-
sorption was decreased in the terminal nephron segments, but not
the distal convoluted portion in phosphate-depleted rats [13]. In
phosphate-depleted dogs, we have demonstrated that defective
absorption occurred in the loop of Henle and throughout the
distal tubule including the distal convoluted tubule and probably
the terminal segments [14]. The results of the present studies
suggest that phosphate depletion leads to diminished Mg2
*
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uptake in MDCT cells and support the notion that the distal
convoluted tubule may be involved, in part, in decreased magne-
sium absorption and increased magnesium excretion observed
with phosphate depletion.
The effects of phosphate depletion on Mg2 uptake in MDCT
cells are reminiscent of those observed in the intact kidney.
Removal of phosphate from the media rapidly leads to diminished
Mg2 transport, which is dependent on the degree of phosphate
depletion. Mg2 uptake is inhibited by 50% when cultured in
about 0.3 m phosphate. These actions are fully reversible with
the return of phosphate to the media [25]. In contrast to Mg2
transport, Tennenhouse and colleagues have reported that
MDCT cells possess sodium-dependent phosphate cotransporter
which is appropriately up-regulated by phosphate depletion [261.
Accordingly, these observations indicate that the established
MDCT cell line is a useful model to study the cellular mechanisms
of phosphate depletion. However, it should be noted that the cells
used in the present studies were magnesium-depleted as well as
subjected to changes in extracellular phosphate [271.
Phosphate-deficiency affects Mg2 uptake through post-
translational processes
The increase in d([Mg2i1)/dt in MDCT cells cultured in
magnesium-free culture media is relatively rapid, detectable
within 1 to 2 hours. It is interesting, however, that the increase in
Mg2 refill rate is not maximal until 6 to 8 hours following
exposure to magnesium deficient media (Fig. 4). The time frame
for adaptation of Mg2 uptake in MDCT cells are similar to those
observed in cortical thick ascending limb (cTAL) cells [19]. The
chronology of adaptation may suggest that in addition to increas-
ing the entry rate there may also be recruitment of new or formed
transporters into the apical membrane. Using cTAL cells, we have
tested this possibility by using transcriptional and translational
inhibitors [19]. To investigate the involvement of pretranslational
steps in control of Mg2 transport, the inhibitors, actinomycin D
and cordycepin, were used before adaptation [19]. These agents
resulted in 86% and 55% decrease, respectively, in the adaptive
response. Cycloheximide, through its rapid action to block protein
elongation, has been widely used to inhibit protein synthesis.
Inhibition of the de novo protein synthesis by the use of cyclohex-
imide resulted in diminution of the adaptive response by about
50%, as assessed by the Mg2 refill rate. Accordingly, part of the
enhanced Mg2 uptake was dependent on de novo protein
synthesis. This evidence would imply that both transcriptional and
translational processes are required to add new transport units to
the membrane to accommodate the increase in Mg2 transport in
response to magnesium restriction.
In the present studies, we determined whether phosphate
depletion may alter Mg2 uptake through post-translational
mechanisms. To test this notion, MDCT cells were first Mg2
depleted for 16 hours to maximally up-regulate Mg2 transport.
The cells were then cultured in low phosphate for various time
periods and Mg2 uptake was assessed by microfluorescence (Fig.
6). Phosphate-deficiency resulted in diminished Mg2 uptake in
preadapted cells, which suggests that phosphate depletion affects
transport through preformed pathways rather than through tran-
scriptional or translational mechanisms. Further studies are nec-
essary to define these post-translational events.
Diminished Mg2 uptake with phosphate-deficiency is not
dependent on membrane voltage
Mg2 uptake in MDCT cells is regulated by the transmembrane
voltage [20]. Fuller and colleagues fed dogs phosphate-deficient
diets for two weeks [23, 28]. Plasma phosphate concentration fell
from 4.2 0.6 to 2.1 0.3 mg/100 ml, but the resting transmem-
brane electrical potential difference of skeletal muscle was not
significantly changed, 92.6 4.2 and 86.0 3.7 mV, respectively.
However, phosphorus restriction of a longer duration, four weeks,
led to a greater fall in plasma phosphate, 1.7 0.1 mgIlOO ml,
which was associated with a decrease in membrane potential,
77.8 4.1 mV. Accordingly, phosphate depletion may lead to a
decrease (depolarization) in membrane voltage and in turn to
inhibition of Mg2 uptake. We tested this postulate. Using the
voltage-sensitive dye, DiOC5 [3], we were unable to demonstrate
a change in membrane voltage of phosphate-depleted MDCT
cells. It is unlikely, that alteration of membrane voltage is involved
with diminished Mg2 uptake in phosphate-depleted MDCT cells.
Nevertheless, marked hyperpolarization of the plasma membrane
with the permanent anion, SCN, stimulated Mg2 uptake by
similar amounts as observed in normal Mg2 depleted cells. We
have shown that 78 mrvi SCN in isosmotic substitution for NaC1
hyperpolarizes the plasma membrane by about 38 mV [211. This
hyperpolarization is associated with an increase in Mg2 uptake
of 52% in MDCT cells cultured in low phosphate. Accordingly,
the transport processes likely channels are present in phosphate-
depleted cells and may be activated by the appropriate change in
membrane voltage.
Meyer-Sabellek and colleagues reported that chlorothiazide
administration enhances calcium reabsorption in phosphate-de-
pleted rats which blunted the associated hypercalciuria [11]. We
have shown that chlorothiazide stimulates Mg2 uptake in MDCT
cells [21]. Chlorothiazide (10 M) maximally increased Mg2
uptake by 58%. The cellular mechanisms appear to be related to
an increase in membrane voltage resulting from inhibition of
NaC1 cotransport and a fall in intracellular sodium concentration
[29]. Chlorothiazide, iO M, increased the transmembrane volt-
age by 21 mV in these studies [21]. Hyperpolarization of the
plasma membrane increases the driving force for Mg2 movement
into the cell. In the present studies chlorothiazide partially
corrected the diminished Mg2 uptake rate in cells cultured in low
phosphate (Fig. 8). The cellular mechanisms are likely similar to
those observed in normal cells, that is, a change in membrane
voltage [21, 29]. These observations support the above conclusion
that changes in the membrane voltage may partially correct the
defective Mg2E transport. However, it is of interest that in cells
cultured in zero phosphate for 16 hours, an increase in Mg2
uptake with chlorothiazide was not observed (Fig. 8). These data
may suggest that the hyperpolarization induced by chlorothiazide
is not sufficient to activate Mg2 uptake in severely depleted cells.
The results also predict that chlorothiazide should mitigate hy-
permagnesuria associated with hypophosphatemia as was ob-
served with renal calcium wasting [11].
Phosphate-deficiency is not associated with a sustained elevation
in fCa27
Massry and colleagues have reported that phosphate depletion
is associated with a sustained rise in [Ca2] in polymorphonuclear
leukocytes, pancreatic islets, and brain synaptosomes [30—32].
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They further suggest that elevation of [Ca2]1 in phosphate
depletion may be a generalized phenomenon occurring in many
types of cells [24]. The mechanism for the rise in [Ca2 ] with
phosphate depletion is not known but it has been suggested that
it may be due to increased entry or decreased extrusion [241.
Massry's notion is that chronic elevation in [Ca2] and an
increase in the calcium burden within the cell interferes with
mitochondrial oxygen consumption and ATP synthesis leading to
a fall in ATP content and diminished functional response [24, 33].
Although we did not measure ATP levels in the present studies, it
is unlikely that ATP was a limiting factor in Mg2 uptake as
sodium coupled D-glucose entry and membrane voltage were not
perturbed in phosphate-deficient cells. It is also unlikely that a rise
in [Ca2}1 has any effect on Mg2 uptake because d([Mg2]1)/dt
was not altered with elevation of [Ca2] following removal of
extracellular phosphate. Finally, Gesek and Friedman have shown
that chlorothiazide administration led to a sustained [Ca2] from
a mean basal level of 91 n to 654 nM which was associated with
an increase in calcium transport [17]. We have reported that
chlorothiazide stimulates Mg2 uptake presumably in the face of
this elevation in [Ca2]1 [20]. These studies support the conclusion
that sustained elevation in [Ca2]1 is not the basis for diminished
Mg2 uptake in MDCT cells cultured in low phosphate. MDCT
epithelial cells may respond differently to phosphate depletion
than cells such as polymorphonuclear leukocytes, pancreatic
islets, and brain synaptosomes [30—32].
Summary
In summary, cellular phosphate-deficiency results in diminished
Mg2 ' entry in MDCT cells. The actions of phosphate-deficiency
on Mg2 uptake are rapid, reversible, and dependent on the
degree of depletion. These responses are similar to those ob-
served in hypophosphatemic man and animals [1—6]. The cellular
mechanisms leading to diminished Mg2 uptake in phosphate-
depleted MDCT cells are post-translational in nature as adapted
cells with maximal Mg2 uptake rates are rapidly affected follow-
ing placement in low phosphate, too rapid to be explained by
transcriptional and translational mechanisms. In support of this
conclusion, transport may be reestablished with marked hyperpo-
larization of membrane voltage. These studies may suggest that
the defective transport resides directly with membrane transport
processes. It is evident from these studies with isolated MDCT
cells that magnesium wasting commonly observed in hypophos-
phatemia and phosphate depletion is, in part, due to diminished
Mg2 uptake in the distal convoluted tubule. The cellular re-
sponses of phosphate depletion in the ioop of Henle and terminal
segments remain to he determined [13, 14].
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